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Abstract 
Flow boiling in microchannel has been receiving a lot of attention in recent years because of its high heat flux 
removal capabilities at low flow rates and low pumping power. An important aspect of flow-boiling experiments is 
detection of the prevalent flow-regime. Currently, most researchers use high-speed camera for flow visualization for 
regime detection. However, in some cases due to limitations of the experimental setup and test-piece, such as multi-
layer cooling of 3D IC stack, this may not be feasible. We study the influence of flow-regime on amplitude-frequency 
domain of wetted surface temperature. Experiments have been performed along with high speed flow visualization on 
a single microchannel having dimensions of 25.4 x 2.54 x 0.4 mm3 (l x b x h) with de-ionized water as the working 
fluid. Mass fluxes tested were 200 and 600 kg/(m2s). Within the bounds of current experimental parameters, we 
conclude that local transient temperature data can a potential diagnostic tool for detection of flow-regimes.  
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1. Introduction 
With the current state-of-the-art electronics, the challenge is to remove heat fluxes of the order of 300 
W/cm2 and this figure will keep rising with further miniaturization [1]. Especially for such applications, 
flow boiling in micro-channels has been identified to be very promising as the phase change process 
facilitates smaller thermal resistances [2] and the pumping power requirement too is quite small [3]. 
Despite these advantages, two-phase cooling faces major challenges that limit commercial applications. 
As pointed out by Kandlikar [4], there are issues like differences in wall boundary conditions, nucleation 
cavity sizes and distribution on the channel walls, instability conditions and its severity etc. So the data for 
flow boiling from different research groups is scattered and sometimes the trends are quite contradictory 
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and as a result models perform well with the data sets used in their development, but they don’t perform 
well with other data-sets [5]. Along with development of correlations and models, some researchers have 
also tried to come up with flow regime maps since correlations and models are quite often, regime 
specific. A comprehensive flow regime map was proposed by Harirchian and Garimella [6] based on their 
experiments on microchannels of several dimensions. A number of factors such as fluid properties, heated 
length, boiling number and channel dimensions were considered. Szczukiewicz et al. [7] developed two-
phase flow operational maps for multi-microchannel evaporators and identified stable and unstable 
operating regimes according to experimental conditions, such as the channel mass flux and the base heat 
flux. However, since there are a number of factors influencing flow regimes, such as inlet sub-cooling, 
nucleation site density, instabilities etc, all of which were not studied while developing these maps, they 
may not be applicable for all cases. 
These difficulties have lead the authors, to consider diagnostic tools rather than prediction tools to 
identify flow-regimes. Currently, most researchers use high-speed camera for flow visualization for 
regime detection. However, in some cases due to limitations of the experimental setup and test-piece, this 
may not be feasible. 3D IC package is one such case. To the best of authors’ knowledge, only Revellin et 
al.[8] developed a novel technique by which they could diagnose flow regimes. Their optical technique 
could determine bubble frequency, percentage of surviving small bubbles, lengths of bubbles and flow 
pattern transitions. In this paper, we investigate whether temperature transients can be used as a 
diagnostic technique for detection of flow-regimes.  
 
Nomenclature 
q” heat flux (W/cm2) 
G mass flux (kg/(m2s)) 
2. Experimental setup and procedures 
2.1. Test Section 
 
 
 
 
   
 
Fig. 1. (a) Assembled test-section (b) Silicon test chip (wetted surface) on the PCB (c) 1 x 10 array of thermal test dies behind the 
silicon surface 
The micro-channel test section is as shown in Figure 1(a). The silicon test-chip is flip-chip packaged 
on the PCB (Figure 1(b)) and then under-filled. The gap for the fluid flow for this finless micro-channel is 
formed between the silicon thermal test chip shown in Figure 1(b) and pyrex glass (shown in Figure 1(a)). 
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Pyrex glass insert bonded to the Polycarbonate top-cover cavity is meant for better transparency required 
for flow-visualization during flow-boiling experiments. Plastic shim between the Polycarbonate top-cover 
and the PCB acts as a sealant. Two ports (Figure 1 (a)) are provided through which RTD (Resistance 
temperature detector) probes are fitted to measure the fluid temperature in the inlet and outlet plenums.  
The microchannel dimensions are 25400 μm x 2540 μm x 400 μm (l x b x h). The currently used 
silicon test-chip consists of an array of 10 x 1 thermal test dies (Figure 1(c)) each of which has an area of 
2540 μm x 2540 μm and has a doped diode temperature sensor at the centre as well as a resistive heater 
and both are 630 μm below the surface. 
2.2. Flow Loop and apparatus 
The flow loop schematic is as shown in Figure 2(a). Apart from ten temperature measurements 
(uncertainty of ±0.4 ºC) taken 630±5μm  below the surface of silicon thermal test-chip, the temperature at 
the inlet and outlet plenums of the test-section are measured using RTDs with an uncertainty of ±0.12 ºC. 
The reservoir is filled with DI (De-ionized) water. A gear pump drives the flow through the loop. 
McMillan Liquid flow sensor measures the flow rate with an uncertainty of ±0.5 ml/min. Water bath and 
liquid to liquid heat exchanger control the fluid temperature at the inlet of the test-section. Hot water 
leaving the test section is cooled using a liquid-to-air heat exchanger. The data from all the sensors were 
collected using a National Instruments PXIe series DAQ (Data Acquisition System). High speed flow 
visualization was conducted using a high speed camera (Photron FASTCAM SA5).  
 
 
 
 
 
 
        (a)                                                      (b) 
Fig. 2 (a) Flow Loop Schematic (b) Amplitude ratio vs. frequency 
2.3. Experimental procedure 
Heat-loss characterization is carried out prior to experiments using the methodology employed by 
Alam et al. [9]. Before each experiment session, degassing is carried out by boiling the de-ionized water 
in the reservoir for 2 hours. After cooling it, main experiments are carried out. Flow rate as well as inlet 
fluid temperature are maintained constant throughout a session. Heat-flux is supplied/incremented and a 
quasi-steady state is considered to be achieved after the temperature fluctuation is within ±0.5 ºC. Data-
logging and flow visualization are then carried out. A TTL (Transistor-Transistor Logic) signal is sent by 
the camera to the DAQ thus triggering it to capture data synchronously with flow visualization. This data 
is captured at 1kHz while the video is captured at 1000 or 5000 Hz depending on the flow rate, for a short 
duration of about 1-2 seconds. This high frequency data is used to carry out FFT. Under the same 
experimental conditions, data (not synchronous with video) is also captured at a frequency of 10 Hz for 5 
minutes and is used to calculate the heat flux. Mass fluxes tested were 200 and 600 kg/(m2-s). 
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2.4. Data Reduction Procedure 
Heat supplied by the heater is subtracted by the heat loss and then divided by the wetted area to 
calculate the heat flux entering the fluid. Mass flux is calculated by dividing the measured volumetric 
flow rate by the product of density and cross section area of the flow. 
Fourier analysis is performed using Discrete Fourier transform (DFT) on the transient temperature 
measured by the 8th diode sensor (1st diode is near the inlet and 10th diode is near the outlet). DFT breaks 
down the signal into constituent sinusoids of different frequencies and amplitudes. Since the governing 
equation for temperature distribution within the solid is the transient heat conduction equation which is 
linear, the principle of superposition is valid. This justifies breaking down the original signal into a 
number of signals. The algorithm used for computing the DFT is Fast Fourier Transform (FFT). Thus, 
FFT transforms the time-dependent temperature signal into frequency domain data. However, this 
temperature measurement is done 0.63 mm below the wetted surface. Due to finite thermal diffusivity of 
the silicon substrate, the temperature signal gets damped. To correct for this damping and to get the actual 
amplitude-frequency domain that represents temperature variations on the wetting surface, amplitude 
ratio (damping) is plotted in figure 2(b). This amplitude ratio is a function of the sine wave signal 
frequency. To derive each of these amplitude ratios, Finite-Volume Method (FVM) is used for 
discretization of the 1D transient heat conduction equation. Sinusoidal temperature signals are simulated 
on the top (wetting surface) and the corresponding temperature signal at the bottom (sensor location) of 
the 0.63 mm solid domain is derived and amplitude of this damped sine wave is calculated. The ratio of 
this damped amplitude and the originally simulated sine wave amplitude (on the wetting surface) is the 
amplitude ratio. This amplitude ratios are derived for several frequencies of the sine wave and are then 
plotted in figure 2(b) and curve fitted. The amplitudes in the amplitude-frequency domain (by FFT) of the 
sensor temperature are then divided by this amplitude ratios (corresponding to the individual frequencies) 
and the amplitude-frequency domain of the temperature signal at the wetting surface is thus derived. 
3. Results and Discussion 
 
Fig. 3 FFT for G=200 kg/(m2s) (a) q”= 4.1 W/cm2, Single phase flow (b) q”= 14.7W/cm2, Slug flow (c) q”= 28 W/cm2, Slug flow 
Figures 3 and 4 illustrate the FFT results on the 8th diode illustrated by a blue dot in Figures 5(a) and 
(b). It can be clearly observed from figures 3(a) and 4(a) that irrespective of whether the mass flux is 200 
or 600 kg/(m2s), single phase is characterized by amplitudes of less than 0.02 ºC across a range of 
frequencies. Since the data capture frequency was 1kHz, frequencies up to 500 Hz could be captured 
(Nyquist criteria), however amplitudes at high frequencies were very small for all tested mass fluxes and 
heat fluxes and hence, for brevity, the maximum frequency shown herein is 50 Hz. 
For mass flux of 200 kg/(m2s) and heat flux of  14.7 W/cm2 and 28 W/cm2 slug flow was observed, as 
illustrated in figure 5(b). Figures 3(b) and 3(c) clearly show significantly larger amplitudes for slug flow. 
From the video frames, the frequency of slugs was counted to be 6 Hz and 14 Hz for heat fluxes of 
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14.7W/cm2 and 28 W/cm2 respectively, while peaks can be observed in figures 3(b) and 3(c) at a 
frequency of 5.8 (~6) Hz and 14.7 (~14) Hz. The corresponding amplitudes being 0.54 and 0.55 ºC 
respectively. It can thus be seen how closely the slug frequencies match with the frequencies 
corresponding to the peaks in the amplitude-frequency domain of the temperature. However, since there 
are other peaks too, the slug frequency cannot be diagnosed simply from FFT. Since actual temperature 
fluctuations are never sinusoidal, when it is segregated into sinusoidal signals of various amplitudes and 
frequencies (by FFT), there would be multiple peaks. For Figures 3(b) and (c) other peaks with somewhat 
larger magnitudes could be due to partial wall dry-outs observed during flow-visualizations. As predicted 
by the three zone heat transfer model proposed by Thome et al. [10], the heat transfer coefficient varies 
very significantly with time during slug flow regime depending on whether a liquid slug, an elongated 
bubble or a vapour slug passes. Hence, correspondingly, the wall temperature changes and higher is the 
frequency of this cycle of slug passage, higher is the temperature fluctuation frequency. 
For mass flux of 600 kg/(m2s) and heat fluxes of 22.7 W/cm2 and 29.3 W/cm2 bubbly flow (Refer to 
figure 5(a)),  was observed. It may be noted that according to the confinement criteria proposed by 
Harirchian and Garimella [11],  there is confinement for mass flux of 200 kg/(m2s) while for mass flux of 
600 kg/(m2s) the flow is unconfined. Hence slug flow was observed for mass flux of 200 kg/(m2s) while 
bubbly flow was observed for mass flux of 600 kg/(m2s). The bubbly flow is characterized by amplitudes 
which could go up to ~0.2 ºC as can be seen from Figure 4(b, c). It is quite easily distinguishable from the 
single-phase as well as slug flow amplitude-frequency domain. The amplitudes of temperature fluctuation 
frequencies are relatively higher than that of single-phase flow since single-phase is steady while boiling 
phenomena is not steady. Immediately following bubble nucleation, there is a sudden increase in heat 
transfer coefficient due to release of accumulated superheat (utilized in evaporation, owing to the latent 
heat) in the surrounding liquid [12]. This increased heat transfer coefficient in turn leads to decreased wall 
temperature. However, during the waiting time (time period between bubble detachment and ebullition of 
another bubble), since there is single phase flow, the heat transfer coefficient again reduces and 
consequently, the wall temperature increases. Since bubbles ebullition phenomena is a highly stochastic 
phenomena, very distinct, singular peaks may not observed. For bubbly flow, the amplitudes are 
significantly lower than that during slug flow. Slug flow involves elongated bubble flow during which the 
heat transfer coefficient is very high owing to thin film evaporation, as well as local dry-out during which 
the heat transfer coefficient is very low. Contrarily, the mechanisms governing heat transfer during 
bubbly flow do not lead to such large fluctuations in the heat transfer coefficient and hence the smaller 
temperature fluctuations during bubbly flow compared to slug flow. 
 
Fig. 4 FFT for G=600 kg/(m2s) (a) q”= 13.3 W/cm2, Single phase (b) q”= 22.7 W/cm2, Bubbly flow (c) q”= 29.3 W/cm2, Bubbly flow 
 
Fig. 5 Flow Regimes (a) Bubbly-flow (b) Slug flow 
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4. Conclusion 
A methodology was developed wherein FFT was implemented on raw temperature signal captured at 
1kHz which was then corrected for damping using an amplitude ratio to get a true FFT of temperature 
fluctuations occurring on the wetted surface. Within the bounds of the present study, based on amplitude-
frequency domain study, we conclude that there is a clear distinction between the results for single-phase 
flow, bubbly flow and slug flow regimes. The amplitudes for single-phase flows were negligible, slug-
flow regime had amplitudes up to ~0.2 ºC while the amplitudes for slug flow at frequencies close to slug 
frequency was ~0.55 ºC. Hence, this preliminary result shows that based on amplitude-frequency domain 
analysis it is possible to detect the prevalent regime. 
The present study was limited to few mass fluxes, heat fluxes and a single microchannel. Moreover, 
only single phase flow and two flow boiling regimes were encountered. The authors are currently 
extending this study to a larger set of mass fluxes, heat fluxes and microchannels of various dimensions. 
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